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Although radionecrosis has been exhaustively described
in depth in the neurooncological literature, its diag-
nosis is still a challenging issue because its radiologi-
cal pattern is frequently indistinguishable from that of
tumor recurrence. This review discusses the causes of
radionecrosis and the potential effect of adjuvant che-
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and onset. The potential pitfalls in clinical studies
attempting to make a differential diagnosis between
radionecrosis and disease progression are also dis-
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lioblastoma multiforme (GBM), the most com-
Gmon primitive malignant type of CNS tumor in

adults, is characterized by intrinsic aggressive-
ness and carries a dismal prognosis. Despite the efforts
made in recent years, the median overall survival of
patients with GBM has never exceeded 14 months. An
important step forward in the treatment of patients with
this disease was made in the randomized phase III trial
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conducted by the European Organization for Research
and Treatment of Cancer (EORTC) and the National
Cancer Institute of Canada (NCIC), in which both
progression-free survival (PFS) and overall survival in
the concomitant and adjuvant temozolomide (TMZ)
arm were longer than that in the radiotherapy-alone
arm.! Yet, even with this new multimodality treatment,
GBM recurs after a median time of 7 months following
diagnosis, requiring a second-line treatment.

Moreover, decisions regarding disease manage-
ment are complicated by the fact that any change in the
patient’s radiological image suggesting disease progres-
sion may be due to radiation-induced injury. In 1990,
Macdonald et al.? defined the criteria for evaluating
response to treatment and disease progression. They
suggested that variations in the tumor-enhancing area,
neurological function, and steroid dosage should be con-
sidered in the assessment of tumor response. Although
these criteria have since been the cornerstone in response
evaluation in many phase II clinical trials, recently some
doubts have been expressed regarding the evaluation of
disease progression in patients treated with TMZ con-
comitant with radiotherapy.

Radiation Injury

In patients under treatment for brain tumors, worsening
of the preexisting neurological focal deficits, suggesting
tumor progression or recurrence, can be accompanied
by a neuroradiological image of edema and contrast-
enhancing lesion within the tumor bed. However, this
radiological pattern is not necessarily associated with
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any clinical deterioration. These alterations, described
in 1979 by Hoffman et al.? in a group of patients treated
with radiotherapy and carmustine (BCNU) at an inter-
val of 8 weeks, were investigated with serial CT or MRI
scans. Within 18 weeks following radiotherapy, 49%
of patients had a deterioration that strongly suggested
tumor progression. In 28% of the cases, however, spon-
taneous improvement occurred without a change in
therapy. Following this pattern, which is indistinguish-
able from that of tumor recurrence, improvement usually
occurs within a few weeks or months, with a thorough
neuroradiological follow-up showing that these signs
regress within 4—8 weeks. The timing of these clinical
features, known as “early delayed reactions” follow-
ing radiotherapy,* seems to correspond to the turnover
time of myelin. Hoffman et al.? therefore postulated
that they might be caused by demyelination. However,
several years ago, Pratt et al.’ reported the presence of
necrosis with vascular endothelial proliferation in tis-
sue removed from a patient whose condition suddenly
deteriorated following radiotherapy and chemotherapy.
Overall, these findings may underscore the role of oligo-
dendrocytes as putative targets of radiotherapy in early
delayed reactions, leading to a final pattern of necrosis.
This is contradicted, however, by the evidence that other
demyelinating conditions, such as multiple sclerosis, do
not often lead to necrosis.®

Complications that follow radiotherapy by a few
months to many years, classified as “late delayed reac-
tions,” are considered a major hazard of CNS exposure
to irradiation. According to the vascular pathogenic
hypothesis, radionecrosis, one such reaction and a chal-
lenging complication of radiotherapy in neurooncology,
would be triggered by ischemia secondary to blood ves-
sel damage,” and, according to DeAngelis et al.,® it may
depend on increased capillary permeability induced by
radiotherapy, leading to fluid transudation into the inter-
stitial space and consequent brain edema. Furthermore,
if capillary permeability is altered, damage from che-
motherapy may occur earlier and be more severe; radio-
therapy may enhance the efficacy of chemotherapy by
maximizing drug uptake, either at the cell membrane,
through a disruption of the blood-brain barrier, or
through an alteration in cell metabolism.

As occurs in GBM patients with methylated O°-
methylguanine DNA methyltransferase (MGMT),
necrosis can be the consequence of highly effective com-
bined radiochemotherapy. The mechanisms underlying
this effect have been described by Chakravarti et al.,’
who showed that TMZ enhances radiation response
in MGMT-methylated glioblastoma cells by enhancing
double-strand DNA damage, a critical factor underly-
ing radiation-induced cell death. However, these types of
necrotic lesions should not be considered strictly radio-
necrosis as they are included in the effects of radiochemo-
therapy against glioma cells, implying a potential differ-
ence in the treatment outcome. Effective treatment, such
as TMZ concomitant with radiotherapy, can lead to the
disruption of the blood-brain barrier, allowing the pas-
sage of chemotherapeutic agents and thus enhancing
their activity. However, 1 month after completion of
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concomitant treatment, the blood-brain barrier may be
still altered, allowing the passage of gadolinium and thus
evidencing a lesion that often appears larger than it was
before radiotherapy (the field of radiotherapy is larger
than the primary tumor) and simulating disease progres-
sion; only after several months can the area containing
gadolinium enhancement be progressively reduced.

Incidence

Little is known about the incidence of radionecrosis
after radiotherapy for gliomas. Moreover, data on the
actuarial risk of radiation necrosis in the general glioma
population are scarce, mainly because of the difficulty
in differentiating necrosis from tumor recurrence radio-
logically and the low reoperation and autopsy rates in
these patients.

In a cohort of 426 glioma patients, Ruben et al.!?
found that radiation necrosis was documented in 4.9%
of patients who had been treated with radiotherapy prior
to the recent advent of concurrent and adjuvant TMZ
chemotherapy. The mean time interval from the end of
radiotherapy until onset of necrosis was 11.6 months.
The authors also found that adjuvant chemotherapy pro-
duced a greater than fourfold increase in the risk of cere-
bral necrosis. Of 232 patients treated with radiotherapy
alone, only three (1.3%) had evidence of radionecrosis,
whereas among 194 patients given radiotherapy and che-
motherapy as part of their treatment, 18 (9.3%) had ra-
dionecrosis. Adjuvant chemotherapy was therefore added
to the series of known risk factors for the development of
radiation necrosis, which includes total radiation dose,
fraction size, and treatment duration. Other factors that
have long been considered potentially correlated with the
onset of radionecrosis, such as hypertension or diabetes,
were not found to be significant in this large cohort.

The above data are consistent with historical data
provided by, for example, Peterson et al.,!" who reported
an incidence of radionecrosis of 2.5% at a time interval
of 8-31 months after radiotherapy in 200 primary brain
tumor patients who underwent radiotherapy followed by
chemotherapy, and by Sheline et al.,* who reported a
3.4% incidence of radionecrosis in patients who under-
went radiotherapy alone, with a median time of onset
of 21 months. It has therefore long been assumed that
chemotherapy can have an additive effect on the devel-
opment of cerebral necrosis in the setting of radiother-
apy,'>~" and the effect of chemotherapy administered
concomitantly with radiotherapy has been investigated
over the last few years. Brandes et al.'® found that radio-
necrosis occurred more frequently (7.1%) and earlier
when a chemotherapy regimen with carboplatin and
teniposide was administered concomitantly with radio-
therapy in patients with glioblastoma, although this
finding was not of statistical significance (p = 0.1).

A similar trend in the frequency of radionecrosis was
found by Glantz et al.'” in their phase I study of 60
patients who were given paclitaxel weekly concurrently
with radiotherapy: radionecrosis occurred in 10 (17%)
patients, and 8 patients underwent re-resection within
20-173 days (median, 49 days) following primary sur-



gery. Of these eight, five had extensive radiation necro-
sis, although no tumor was identified; in the other three
patients, small nests of “possibly” viable tumor cells
were observed, surrounded by large areas of necrosis.

The highest incidence of radionecrosis of the brain to
be reported in the literature was found in patients on an
experimental protocol who received radiotherapy with
concurrent carboplatin, followed by adjuvant procar-
bazine, CCNU, and vincristine (PCV) chemotherapy.'®
Treatment-induced necrosis was documented at surgery
or autopsy in 19 cases (21%); 21 patients (23%) had a
mixed pattern of necrosis and tumor, and an additional
13 patients (14%) had no surgical or autoptic signs of
predominant radiation necrosis but presented signs of
radiation necrosis on MRI. Interestingly, histologic data
suggest that the rate of radionecrosis may be slightly
higher in patients with anaplastic oligodendroglial
tumors than in patients with anaplastic astrocytoma
(17% vs. 33%); this observation indirectly supports the
glial theory for the development of radionecrosis.'® Fur-
thermore, in their postmortem study on 25 patients with
gliomas, Burger et al.'? reported three cases of radio-
necrosis located in the white matter adjacent to the
tumor 3 months after combined radiochemotherapy.

Findings reported in the literature suggest that radio-
necrosis is closely linked to the features of both radio-
therapy (dose, volume, etc.) and chemotherapy delivery
and that its rapid onset in patients treated with radio-
therapy and chemotherapy suggests the presence of dam-
age to both the neuroglia and vasculature.

Now that concurrent TMZ and radiotherapy are
used as standard therapy, the postradiotherapy radio-
logical assessment is made earlier than before, when
radiotherapy was given alone. However, it can be dif-
ficult to interpret the radiological image obtained, as
any changes observed may be due to treatment-related
pseudoprogression rather than true disease progression.
In their recent study of 51 patients treated with radio-
therapy and concomitant TMZ, Chamberlain et al.?°
reported seven (14%) cases of early necrosis without
signs of tumor recurrence; 26 patients had a radiological
diagnosis of early disease progression and, of these, 15
underwent re-resection, with 7 (47%) of the 15 having
a surgical diagnosis of radionecrosis. These data open
a dual scenario: the possibility of a higher incidence of
early radionecrosis and the risk of mistaking the latter
for disease progression. In a series of 32 glioma patients,
de Wit et al.?! observed that the first postradiotherapy
MRI showed progressive enhancement in nine cases; in
three of these nine cases, MR images showed improve-
ment or stabilization for 6 months without additional
treatment being given.

Jefferies et al.?? reported pseudoprogression in 3 of
15 patients given concomitant radiotherapy and TMZ;
they suggested that a criterion for identifying pseudo-
progression is the absence of correlated symptoms of
disease progression, although this proposal has not
been accepted worldwide because edema, which often
accompanies pseudoprogression, is also symptomatic of
tumor.
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Diagnosis

Conventional MR techniques, such as T2- and gadolin-
ium-enhanced T1-weighted imaging, have limitations in
discriminating tumor recurrence and treatment-induced
necrosis. Current physiologic and metabolic MRI tech-
niques allow the analysis of tumor or necrotic tissue
properties and provide more accurate information on
chemical composition, perfusion, and water mobility
within the tissue.

Proton MR spectroscopic imaging (‘H MRSI), a tech-
nique that can detect proton metabolites in tissue, dis-
plays the distribution of these metabolites within tumor
tissue as a molecular image.?* Chemical compounds and
metabolites commonly detected in brain tissue include
compounds containing choline (Cho), creatine (Cre), lac-
tate, lipid, and N-acetylaspartate (NAA). The increased
Cho present in tumors indicates augmented cell mem-
brane phospholipids due to tumor cell proliferation and
moreover can be taken into account in glioma grading
and in differentiating between neoplastic and nonneo-
plastic lesions. Specific spectroscopic changes that have
been reported in cases of radiation injury include a reduc-
tion in NAA and various changes in Cho and Cre lev-
els.?*23 In general, high Cho levels have been found in the
presence of disease progression, whereas low Cho levels
have been found in radiation necrosis. Unfortunately, in
many of the enhancing regions, including those appear-
ing early after concomitant treatment, often both tumor
cells and radiation injury are present, and the spectral
patterns in these cases are less clear than those observed
in cases of pure tumor or pure radiation necrosis.?® A
recent study utilizing the two-dimensional proton spec-
troscopic imaging technique reported a 97% success rate
in retrospective differentiation between recurrent tumor
and radiation injury, with a significant increase in Cho/
NAA and Cho/Cre ratios in areas of recurrent tumor,
compared with areas of radiation injury and normal
adjacent brain tissue.?” With the use of a cutoff value of
1.8 for either the Cho/NAA or Cho/Cre ratio for tumor
recurrence, 27 of 28 patients were correctly diagnosed
retrospectively.?” Also, a ratio of lipid/lactate to Cho of
less than 0.75 can distinguish between tumor tissue and
pure necrosis.?®

Perfusion is considered a useful tool in the diagno-
sis of recurrence and necrosis. In the presence of glioma
growth and infiltration, vascular alterations can also be
found, with a consequent increase in the regional cere-
bral blood volume (rCBV) value in regions with excess
vascularization and a decrease in regions with vasogenic
edema or necrosis. A recent study of 23 high-grade
gliomas found that changes in tumor rCBV occurring
during the early radiotherapy course can also be predic-
tive of survival.?’ Diffusion MRI, a technique measuring
the mobility of water within tissues at the cellular level,
is therefore sensitive to microenvironment changes in the
tumor and tissue.?? Alterations in the tumor following
therapy may include cellular swelling (secondary to loss
of cellular water homeostasis) followed by necrotic or
apoptotic cell death with high apparent diffusion coef-
ficient (ADC) values, whereas low ADC values reflect
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high cellularity. Some authors have observed that ADC
values are useful in distinguishing between high-grade
glioma and normal tissue, although they do not allow
differentiation between a high-grade glioma and the sur-
rounding edema.3%3!

In GBM, membrane turnover, cell density, and vas-
cularity are increased. Therefore increased membrane
turnover (high Cho), high vascularity (high rCBV), and
an increased cellularity (low ADC) found by MR spec-
troscopy (MRS), perfusion, and diffusion should lead to
suspicion of the presence of a tumor in the enhancing
lesion.3!

I8F-Fluorodeoxyglucose (FDG) FDG-PET is consid-
ered useful in differentiating delayed radiation injury
from recurrent high-grade glioma, and sensitivities
ranging from 81% to 86% and specificities from 40%
to 94% have been reported with this approach.3? How-
ever, false-positive FDG uptake can be observed in non-
malignant inflammatory processes, subclinical seizure
activity, and healing processes up to 3 months after sur-
gery. In particular, radiation injury can activate repair
mechanisms or lead to inflammatory activity, which can
increase glucose metabolism.3* When this tool is used,
however, any attempt to identify a pseudoprogression
that occurs early after concomitant treatment provides
less reliable findings than MRS.

Clinical Implications

Conventional neuroradiological techniques do not
always allow a differentiation between radionecrosis
and recurrence,>*3’ the former appearing as postradio-
therapy radiological deterioration; as a worsening in
cerebral edema with an increase in contrast enhance-
ment; and as an image of a mass, with signs similar to
those of recurrence.?® These difficulties in discriminating
between tumor progression and the effect of treatment
can profoundly compromise subsequent patient manage-
ment. These phenomena, also known as “pseudopro-
gressions” and already described in the past, occur with
or without chemotherapy associated with radiotherapy.
Data recently reported in the randomized EORTC/

NCIC phase 1 trial of patients with newly diagnosed
GBM given TMZ in addition to radiotherapy have pro-
vided a new standard of care for such patients.! How-
ever, while a small, albeit significant, PFS advantage (5
vs. 6.9 months) has been achieved with this approach,
a clear-cut and significant benefit was obtained in
2-year overall survival (9% vs. 24%); this type of effect
is not frequent in medical oncology, where significant
PFS advantages do not often confer an overall survival
advantage. There are at least two explanations for the
EORTC/NCIC trial findings. One is that concomitant
radiochemotherapy followed by adjuvant chemotherapy
may be more effective than radiotherapy alone in a par-
ticular subset of patients with later disease progression
and a longer survival, these advantages being charac-
terized by a molecular hallmark: MGMT promoter
methylation. An exclusive but consistent increase in the
efficacy of the treatment in a subgroup of patients might
result in a small but consistent increase in both PFS (1.9
months) and overall survival (2.5 months). Intriguingly,
the results of some studies suggest that the outcomes in
glioblastoma patients surviving with radionecrosis may
be more favorable than those in patients without this
complication'$:37-3% and that radiotherapy is more effec-
tive when combined with TMZ in patients with high
MGMT promoter methylation. The concept of “therapy-
induced necrosis” and its radiological manifestations of
“pseudoprogression” should replace the outdated term
“early radionecrosis.”

Overall, data on combined chemoradiation treat-
ments suggest that the rate and onset of therapy-induced
necrosis are higher and earlier, respectively, in these
GBM patients, the phenomena being linked to different
pathogenic mechanisms (Figs. 1 and 2). In the EORTC/
NCIC trial, 25% of the patients in the radiotherapy
and TMZ arm received TMZ retreatment at the time
of progression.! No data on retreatment motivation and
response were given. Thus, a third possible explanation
for the conversion of a small PFS advantage into a con-
sistent overall survival advantage might lie in the over-
estimation of disease progression in the TMZ-radiother-
apy arm.

Fig. 1. Clinical course of pseudoprogression in a 65-year-old patient with glioblastoma multiforme. (A) Presurgical MRI scan. (B) Postsurgical
MRI scan. (C) MRI scan performed 1 month after combined temozolomide (TMZ)/radiotherapy; adjuvant TMZ was continued. (D) Four
months later, during administration of maintenance TMZ. (E) Eight months later, during administration of maintenance TMZ.
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Fig. 2. MR spectroscopic imaging 10 months after temozolomide
plus radiotherapy. Choline:creatine and N-acetylaspartate:choline
ratios were 1.3 and 0.92, respectively, suggesting a residual non-
neoplastic lesion.

Therapeutic Management

When early radionecrosis is suspected after radiochemo-
therapy, adjuvant therapy should not be interrupted
without a convincing diagnosis of progressive tumor,
obtained by MRS with diffusion/perfusion analysis or
PET. Although biopsy can discriminate between recur-
rence and radiation injury, its use is limited by the poten-
tial heterogeneity of these lesions. Moreover, it has been
postulated that pathologic evaluation of postradiother-
apy specimens is not helpful in predicting outcome or in
deciding upon further management. The open question
is what should be done (Fig. 3): completion of the six,
or rather 12, cycles of adjuvant TMZ if a radiologically
enhancing lesion persists without the presence of a tumor
being confirmed by MRS or PET findings? This may
occur because radionecrosis is characterized by a vari-
able clinical course, with spontaneous recovery in some
cases and rapid progression to frank necrosis in others.
Surgery, if feasible, has long been considered the most
effective available approach for the treatment of radio-
necrosis, because the administration of steroids alone is
often followed by an only temporary improvement or by
relapse when this treatment is discontinued. However,
a few studies have reported long-term improvement in
patients receiving steroids, even after completion of this
treatment. For early progression presenting immedi-
ately after radiochemotherapy, re-reoperation is of lim-
ited value because the pathology report will likely find
a mixed tissue, if primary radionecrosis and “treated
tumor” cells are present, and the role of these cells in
causing the relapse is not clear.

Glantz et al.*’ studied heparin and warfarin therapy
after unsuccessful steroid administration in a small
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series of patients treated with radiotherapy for glioma.
This approach led to an improvement in five of eight
patients. However, no studies on larger series of patients
treated with anticoagulant therapy are available in the
literature. Some authors advocate the use of hyperbaric
oxygen, the rationale for its use hinging on the fact that
hyperbaric oxygen increases the tissue pO, and enhances
angiogenesis; results following this approach have been
promising.*®*! More recently, in a series of eight patients,
bevacizumab, a humanized murine monoclonal antibody
against vascular endothelial growth factor, alone and in
combination with other agents, was found to be effec-
tive against radionecrosis, the mechanism underlying its
efficacy probably being an ability to decrease capillary
leakage, thus minimizing any associated brain edema.*?
MRS may be a useful tool for tracing a flow chart for
the treatment of early progressive/pseudoprogressive
lesions, and adjuvant chemotherapy should be stopped

Treatments Open issues

Surgery

Is MRI/MRS
necessary before
concurrent
RT/TMZ?

Concurrent
RT/TMZ

| MRI orMRS?

A L
Adjuvant
T™MZ

L]

Enlarged lesion:

Isit PD or
pseudoPD?
Should we
continue the
treatment? Should
we perform a
MRS?

Fig. 3. Open questions in detection and interpretation of suspect
lesions after combined radiotherapy/temozolomide (RT/TMZ) and
potential implication in treatments. Abbreviations: MRS, MR spec-
troscopy; PD, progressive disease.
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only in the presence of clear radiological, spectroscopic,
diffusion, and perfusion criteria of progression, with
non-—cross-resistant chemotherapy or surgery being
offered to these patients as an alternative approach.
Currently, clinical deterioration, improvement, and sta-
bilization are reported in cases of pseudoprogression;
it is thus clear that the patient’s clinical status can be
misleading in discriminating between tumor progression
and radionecrosis. Prospective trials should therefore be
undertaken to clarify this issue.

Conclusion

A more reliable strategy for the identification of pseudo-
progression in patients with glioblastoma treated with
concomitant and adjuvant TMZ is required for the

identification of patients unlikely to benefit by switching
from effective adjuvant treatment to a potentially less
effective and more toxic regimen. New techniques, such
as PET** and MRS, may be useful in differentiating
recurrent tumor from radiotherapy-induced necrosis, but
these modalities still fail to provide a clear-cut answer.
Although TMZ therapy has now become the standard
of care for patients with newly diagnosed GBM, there
are still numerous unanswered questions, and larger
randomized trials should be conducted to guide clini-
cal decision making in the management of patients with
glioblastoma. There is an urgent need for prospective
studies that evaluate clinical, molecular, pathologic, and
(above all) functional radio-imaging parameters in the
attempt to achieve a more reliable differential diagnosis
between neoplasia and radiation injury, thus leading to
a more satisfactory outcome for patients.
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